Understanding and quantifying right ventricular (RV) remodeling in repaired Tetralogy of Fallot (TOF) is crucial for patient management and therapy planning, i.e., in determining the optimal time for pulmonary valve replacement. However, quantification of RV remodeling is usually hampered by its complex geometry. This paper presents a computer-aided cardiac assessment methodology to quantitate RV remodeling in terms of a histogram similarity index, based on the surface curvature distribution of three-dimensional (3D) RV geometries at both the end-diastole and end-systole phases. These 3D RV geometries are reconstructed from border delineated cardiac MRI images, whereby a surface fitting algorithm is then used to calculate the curvature distribution of the 3D models. The curvature histograms at ED and ES are computed and their similarities are measured using the Bhattacharya Similarity Metric, which is denoted as hdist. Based on an initial study involving 5 TOF patients and 5 normal subjects, we observed that the mean hdist for the normal controls is significantly higher (p = 0.0015 < 0.05 and p = 0.004 < 0.05; student t-test and Mann-WhitneyWilcoxon test, respectively) as compared to that of the TOF patients. This suggests that hdist can be used as a discriminant between TOF patients and normal control.
Introduction
Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart disease and has an incidence of 6-10% among patients with congenital heart disease [1] . Good long term survival and the quality of life are possible after surgical repair. However, long-term complications such as pulmonary regurgitation (PR) [2, 3] , right ventricular (RV) volume overload [4, 5] , residual pulmonary stenosis, ventricular septal defect, right ventricular outflow tract (RVOT) aneurysm [6, 7] , arrhythmias and sudden death [7, 8] may occur post repair. Among these, severe PR is the most prevalent. It may be well-tolerated for many years initially, but could eventually lead to severe RV dilation, impaired RV function, and increased risk for ventricular arrhythmias. Repeat surgery with pulmonary valve replacement (PVR) may be necessary to pre-empt RV functional deterioration and malignant ventricular arrhythmias [9, 10] . In the presence of severe PR, optimal timing of PVR, before irreversible RV functional deterioration, is critical [11, 12] .
The RV morphology is complex and can vary tremendously in repaired TOF patients. Few works have quantified the anatomic alterations of the RV and their evolution leading towards the clinical outcome. Predominantly, RV remodeling indices measure global properties such as RV volumes and ejection fraction [13, 14] .
In repaired TOF patients, surveillance echocardiography to detect the presence of PR is obligatory. Where significant PR is found, cardiac magnetic resonance imaging (MRI) is performed to quantify PR severity and RV function. In patients with demonstrable severe PR and borderline RV functions, serial cardiovascular magnetic resonance assessment becomes mandatory for timing of PVR. Nevertheless, the imaging parameters that are conventionally measured in echocardiography and cardiac MRI can only describe limited aspects of the RV, and do not satisfactorily express the full range of quantitative information related to the remodeling process.
In our previous study, we had compared regional RV shape parameters using mean values [15] . However, using regional mean value comparison might obscure subtle local variations in the shape parameters. In the current study, we aim to develop a computer-aided method to perform quantitative assessment of RV remodeling using curvature histogram comparisons on three-dimensional (3D) models of RV reconstructed from MRI data. We hypothesize that the functional abnormalities associated with RV remodeling can be detected by comparing the surface curvature distribution of the RV geometries at the end-diastole (ED) and end-systole (ES) phases. Using a histogram similarity measure, the subtle variations in the curvature distribution could be captured and compared. This could in turn be employed as an easy-to-use clinical index to differentiate between normal and pathological RV. As curvature distribution is much more descriptive of local variation in RV morphology, it provides a more comprehensive indication of the RV state as compared to conventional indices such as volume and ejection fraction. 
Methods
This section describes the framework used for the analysis of the surface curvature distribution for RV geometries. The borders representing the endocardial surface of the RV are manually delineated from MRI images. 3D RV geometries at ED and ES are then reconstructed in the form of triangle surface meshes. A quadric surface fitting technique is used to estimate the curvature distribution of the geometries. The local variation in RV morphology between ED and ES is then computed using a curvature histogram similarity metric.
Schematically, the workflow of our method can be summarized as follows: 
Reconstruction of RV Geometries from MRI
In this study, the image datasets of the RV are acquired using MRI. Figure 1 depicts the MRI dataset of the shortaxis slices extracted at the base, middle and apex of the RV.
Medical image dataset such as the cardiac MRI often consist of image noise, diffused edges and intensity inhomogeneity. The RV structure consists of thin ventricular wall, which can cause difficulties for automatic segmentation techniques to achieve accurate segmentation. In this study, the RV endocardial contours are delineated manually using the short-axis image slices. The extracted contours are then used to generate a dense set of contour points for the RV geometry using the RV long-axis contours. The set of contour points are triangulated using an in-house meshing toolkit to reconstruct the RV geometry. Figure 2 depicts the RV contour points and the reconstructed geometries. 
Computation of Surface Curvatures
The curvature metric used to characterize the RV geometries is based on the surface curvedness [16, 17] defined as: We have previously shown that ventricular geometry could be accurately approximated by quadric surface fitting over a discretized 3D model [17, 18] . In this technique, a paraboloid of the form
is used to approximate a surface patch at a vertex, where
are the coefficients of the quadric surface fitted over the vertex. The coefficients of the paraboloid are computed using a system of linear equations, in which the difference between the measured surface ' z and the approximated surface z is minimized. This can be done by minimizing the cost function defined as: (3) in which N denotes the number of vertices within the approximated paraboloid, and G denotes a weighting function which can be adjusted accordingly. Figure 3 depicts the computed curvedness of the RV geometries at ED and ES for one normal control and one TOF patient. Visually, the local variation in RV morphology for the TOF patient is not evidently different as compared to the normal control. However, a comparison of the curvature histograms at ED and ES for these two datasets does reveal subtle local morphology variations (See Figure 4) . 
Histogram Comparison sing the Bhattacharya Similarity Metric u
In this section, we describe the technique used to analyze the local variation in RV morphology. Specifically, we propose to develop a quantitative method to characterize the differences in the curvature distribution (as measured by C ) of the RV at ED and ES phase by using a metric known as the Bhattacharya Similarity Metric (hdist). We will also evaluate the effectiveness of this metric in discriminating TOF patients and normal control. Our methodology for computing hdist can be summarized as follow: For two set of histograms that has identical distribution, the value of hdist will be zero. The larger the value of hdist will imply the more dissimilarity of the distribution for the two sets of histograms. For the RV analysis, we will expect that the hdist for normal controls to be different compared to that of TOF patients. This difference in hdist can be attributed to the functional abnormalities associated with RV remodeling, resulting in local variation in the RV morphology in TOF. Figure 4 depicts the comparison of RV surface curvature distribution at ED and ES using normalized histograms. From Figure 4 , we do indeed see that for a TOF patient, the curvature distribution at ED and ES has a bigger overlapped area as compared to that for a normal control case. This difference in the overlapped area results in a smaller hdist for TOF patients since the distribution for the two sets of curvature histograms at ED and ES are more similar as compared to the normal control case.
Results and Discussion
Based on the data collected from 5 normal control and 5 TOF patients (Table 1) , we computed the hdist as per described in the Methods section. We use a 1-tail unpaired student t-test at the 5% significant level to test if the mean hdist computed from the normal control is indeed higher as compared to that obtained from the TOF patient datasets. The p-values for student t-test are denoted by p in this section. For robustness, we also use the non-parameter Mann-Whitney-Wilcoxon (MWW) test that makes no prior assumption to the underlying distribution of the data to test our hypothesis. The pvalues for the MWW test are denoted by p. We can see that the mean hdist for the set of normal controls is significantly higher (p = 0.0015 < 0.05 and p = 0.004 < 0.05) as compared to the set of patients with TOF. This suggests that hdist can indeed be used as a discriminant between TOF patients and normal control. Our observation can be intuitively explained by the loss of functions in the RV for TOF patients that result in smaller geometric variation at both ED and ES phases as compared to normal control. This reduced variation in RV morphology for TOF patients results in greater similarity (or bigger overlapped area) between the two sets of histograms distribution at ED and ES as seen in Figure 4a .
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We also did a sensitivity test on the number of bins used for computing the curvature histograms at ED and ES to evaluate the effectiveness of hdist in discriminating TOF patients and normal controls. The results are shown in Table 2 . We note that the p values for the MWW test are identical for all values of bin size used as the MWW test does not use the actual values of hdist when computing the significant level. The actual values of hdist are used to rank the data: thus the significant level will only change if the ranking of the data changes. Since all the individual hdist for TOF patients in our dataset are lower than the minimum hdist for normal control for all variation in the number of bin size used, the ranking of the hdist data in the MWW test is invariant to the number of bins. This explains the observation that the p values remain constant in our sensitivity test. Thus, we can conclude that our proposed metric, hdist, is a robust indicator that can be used for the discrimination of TOF patients and normal controls.
Conclusion
In this work, we present a novel method to discriminate between patients with Tetralogy of Fallot (TOF) and normal controls based on the local variation in RV morphology between the ED and ES phases. We provide the derivation and formulation of using the Bhattacharya Similarity Metric (hdist) to compare the degree of overlap between the global distributions of surface curvature at the ED and ES phases and hypothesize that this metric can be used for patient discrimination clinically. Our initial results (5 TOF patients and 5 normal controls) show that hdist is indeed successful in patient discrimination and that our results are robust to changes in the number of histogram bins used.
Future work involves (1) increasing the size of the dataset to establish better statistical significance and (2) filtering of statistical outliers prior to computing the histogram distribution to establish better accuracy for our method. 
